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STRUCTURE ANil SPECTROSCOPY OF POLYMER ULTRA THIN FILMS
AND NANOCOMPOSITES
Ramesh Chandra Kattumenu, M.S.
Western Michigan University, 2004
This research involves the study of structure and properties of polymer
composite thin films. The intrinsic relation between the morphology and thickness of
polymer thin films is the main idea behind this research. Polymer films with thickness
in the range of 3nm to 600nm (comparable with the characteristic molecular length
scale - radius of gyration) are studied for changes in morphology with temperature
and thickness using Atomic Force Microscopy and Raman spectroscopy. The study of
very thin polymer films using Force Modulation technique with AFM and Surface
Enhanced Raman Spectroscopy showed that polymers could be characterized with
these techniques at the nanoscale level. Crystallization of polymers in thin films is
different from that of the bulk, depending on the temperature and thickness of
polymer films. The dependence of mobility of polymer chains in thin films with
thickness and temperature has been studied for different polymers like polystyrene,
poly (butylmethacrylate) and polycaprolactone.
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1.INTRODUCTION
1.1 Polymer Thin Films
Polymeric materials in today's world have many technological applications while the
use of natural polymers dates back to the dawn of civilization. The applications of
polymers depend on the physical and mechanical properties of the materials involved.
The trend towards nanoscale-structured materials led to the characterization of
materials by their surface and interface properties rather than in bulk [1]. Surface
morphology, properties of polymers processed into thin films are different from those
of the bulk polymers. Polymeric thin films have applications in the field of industrial
coatings, nanotechnology, semiconductor electronic devices, photographic printing,
paints etc. Thin polymer layers used for coatings serve as interfacial modifier
promoting adhesion properties and corrosion resistance. Modern applications of thin
polymer films include photolithography, sensors, photo resists. Due to the various
properties exhibited by thin polymer films they are used as flexible electronic
substrates (printed wiring boards), organic light emitting diodes etc.
The team of Prof. Yuri Lipatov has earlier made adsorption measurements from
polymer solutions and their mixtures at various temperatures. The process of polymer
adsorption and the state of macromolecules in solution are tightly connected. The
adsorption of polymers on solids plays an important role in the application of
polymers in coatings, colloidal systems, composites etc. In the formation of thin _films
at interfaces, the adsorption of polymers determines the structure of polymer- solid
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interface layer. In the adsorption of polymers from solutions the thermodynamics of
polymer solutions plays an important role in understanding the interactions between
the solid and the polymer [2]. The thermodynamic properties and concentration of
solution determine both the structural state of the solution (formation of aggregates or
clusters of macromolecules) and the thermodynamic interaction parameter in solution
[3].
In dilute solutions the polymer chains do not overlap and the segments have large
spatial fluctuations. In semi-dilute solutions the chain dimensions approach the
unperturbed state characteristic of polymer in bulk. The concentration at which
molecules begin to overlap is defined as the critical concentration C*. This is
determined by the thermodynamic quality of the solvent and the molecular mass of
polymer. Thermodynamic interaction between two polymeric species is different
depending on the nature of the solvent. In studies of adsorption from polymer
mixtures for concentration solution preferable adsorption of one component increases
under the influence of the other [4]. The adsorbent surface contains some active sites
capable of interacting with the polymer species. The dependency of the kinetics of
adsorption of PS/PBMA blends on the concentration has been studied earlier. Figure
1.1 shows the adsorption kinetics of PS/PBMA mixture when concentration of PS,
Cps=0.5g/100ml and the concentration of PBMA varies [5].
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Figure 1.1:Kinetic Dependence of Adsorption of PBMA-PS Mixture
1) 0.5g/100ml PS+ 0.5g/100ml PBMA 2) 0.5g/100ml PS+ 1.05g/100ml PBMA 3)
0.5g/100ml PS+2.5g/100ml PBMA

When the concentrations of both polymers are less than the critical value an increase
in adsorption value can be observed, due to the absence of entanglement networks. At
concentrations greater than the critical value adsorption kinetics are connected to
formation of entanglement networks and molecular aggregates.
A number of studies on the morphological features of thin film crystallization have
been made on different polymers [6]. The morphological features of crystallization in
thin films undergo various changes during crystallization. They show row-nucleated
crystallization in the early stages followed by dendritic and spherulitic morphology in
the middle and final stages. Crystallization is affected by film thickness resulting in
decrease of crystallization rate with decrease in film thickness. For poly (di-n-hexyl
silane) crystallization was not possible for films of thickness below 15nm [7]. It has
been known for a long time that the crystallization from melts or solution, polymers
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ordinarily form lamellar crystals whose thickness is very much smaller than the
length of the chain. These polymer chains are oriented perpendicular to the plane of
the lamella, folding back upon them. Orientation of the crystalline component in thin
films influences the mechanical and some important properties of films since they
give rise to strong anisotropy. Crystallization decrease of dimensions changes from 3
dimensional to 1 dimension [8].
Strawhecker and Manias studied the crystallization of poly(vinyl alcohol) in the
presence of an inorganic filler surface (sodium monmorillonite, MMT) in comparison
with that of bulk polymer.The study revealed that bulk crystallites grow to size of
more than 5µm, whereas next to the inorganic surface they grow to only 1-2µm
sizes.The crystal morphology of bulk PVA films and of PVA filled with inorganic
layers with emphasis to initial stages crystallization where bulk PVA has crystals that
grow to 5µm size before impinging upon neighboring crystallites and arresting further
growth. In contrast, when inorganic fillers are present the crystallites are more linear
in shape and smaller in size compared to the bulk [9].
The mobility of polymer chains near the surface in thin films controls the surface
crystallization kinetics and morphology. The glass transition temperature is an
important property in characterizing the mobility of polymers. The mechanical
properties of polymers vary at the Tg. For example the Young's modulus decreases
three orders in magnitude around Tg [10]. The Tg of ultra thin films varies by several
tens of degrees from corresponding bulk values. The reduction of Tg of a film with its
thickness h can be described with an empirical equation: [11]
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(1)

Where 8 and d represent the strength of film-surface interaction and the depth of the
correlated near-interface polymer layer respectively. The reduction of Tg in thin films
depends on the polymer-surface interactions.
In the case of PMMA on a hydrophilic Si02, a system of highly confined polymer
chains of very strong interactions, Tg increased for lower thickness [12]. In recent
studies by Dr. Bliznyuk et al on ultra thin spin cast polystyrene films Tg decreased
with decrease in film thickness [13]. The mobility of polymer chains near a free
surface is higher compared to the mobility in the vicinity of a substrate.
Several techniques have been used to study the surface elastic and adhesion properties
of polymers. The scanning force microscopy technique is a sensitive tool for the study
of surface dynamics of polymers like the testing of Tg properties on a polymer
surface. With this method the surface structure with nanometer scale resolution and
mechanical and thermodynamic properties can be investigated.
The orientation of polymer chains at the surface is different for homopolymers
depending on the interfacial tension of the system. The polymer chains may lie
parallel to the surface or protrude vertically into the interphase between the polymers
[14]. Both free energy of mixing and the kinetics of inter diffusion are important in
defining the interface. Helfand and Tagami derived the interphase surface thickness
for PS-PMMA system as

5

(2)

Where

t-{

represents the Flory-Huggins interaction parameter and b is the statistical

segment length.

1.2 Choice of Polymer Systems
The various applications of polymer thin films in electronics, coatings, sensors etc are
based on the properties of the films dependent on the surface morphology. The
interaction of polymers with solids at the interface during the preparation of thin
surface layers determines their properties. The main idea behind this project is to
study the surface morphology of polymers in thin and ultra thin films. Different
polymers were chosen based on 3 different criteria: a) adsorption and molecular level
interaction b) stiffness of the polymer c) mobility of polymer chains.
a) The process of thin film formation starts with the adsorption of polymer
chains on the substrate. Depending on the different molecular level interaction
of the polymers on substrates polystyrene (hydrophobic), polyurethane,
polycaprolactone (hydrophilic), poly (butylmethacrylate) (polar groups) were
chosen for study.
b) Polymers with different mechanical properties behave differently in thin films.
The variation of specific surface energy, fractal dimensions for different
polymers like polystyrene (E=3GPa) or elastomers like polyurethane
(E=SMPa) are different. The behavior of these polymers in thin films with
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different stiffness was chosen as the second criteria m the selection of
polymers.
c) The relaxation behavior of polymer chains close to the surface at room
temperature is different for polymers with different glass transition
temperature. The mobility of the polymer chains in polymers like polystyrene
(low mobility at room temperature, Tg above room temperature) and
polycaprolactone (high mobility at room temperature, Tg below room
temperature) was chosen as the third criterion in the selection of polymers.
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2.METHODS OF CHARACTERIZATION
2.1 Atomic Force Microscopy (AFM)
The invention of the scanning tunneling microscopy (STM) in 1982 and the atomic
force microscopy (AFM) in 1986 revolutionized the study and characterization of
surface microstructure and properties with atomic resolution [15] .The variation in
repulsive and attractive forces between the tip and the sample provides the image
contrast in AFM [16]. In addition to structural investigations in the nanometer scale,
mechanical and adhesion properties on the surface can be studied using the AFM
technique [1 7].

2.1.1 Principle and Instrumentation
In an atomic force microscope the sample attached to a piezoelectric drive moves in a
raster pattern in a horizontal plane. The sample surface is scanned with a sharp probe
at the end of a miniature cantilever (Fig. 2.1). The vertical movement of the tip is
controlled by an electronic feedback depending on the regimen chosen. Repulsive
forces due to the tip-sample interaction cause deflections in a laser beam reflected
from the back of the cantilever. These deflections are monitored by a photodetector.
The deflection (x) of the cantilever is proportional to force F experienced by the tip.
A plot of x, y position of the tip with the variation in z position of the sample gives
the height image in AFM [ 18]. Based on the scanning type the basic modes available
in AFM are contact, non-contact, force-modulation, friction force etc.
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Figure 2.1:Schematic Representation of AFM Set Up

2.1.2 Modes of Operation
In contact mode the tip and the sample are in intimate contact. The cantilever tip is
scanned with constant velocity over the sample surface with a constant normal load
[ 19]. The cantilever deflection due to the repulsive force experienced by the tip is
controlled by the cantilever spring constant (k) and the magnitude of the force. The
deflection is measured by the optical deflection scheme [20]. The differential signal
from the photodetector is proportional to the vertical displacement of the cantilever.
This signal is used as the feedback control for the scanner in the vertical direction.
The sample and the tip come in contact until the differential signal reaches the set
point value. The forces experienced by the sample in contact-mode vary over several
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nanonewtons [8]. Such stresses on the sample can easily damage soft polymer
surfaces. This mode can be used for testing mechanical stability, elastic response, and
friction properties. Lateral resolution of 0.2-0.3 nm can be achieved with this mode.
To overcome the surface damage problems in the contact mode the intermittent
contact mode (tapping mode) was introduced [21]. In_ this mode the tip oscillates at

its resonant frequency [22] making intermittent contact with the sample surface. The
lateral force between the tip and the sample and the surface modifications are smaller
than the contact mode [23]. By changing the driving amplitude and the set point
amplitude the tip-sample force can be varied. This mode can be used for topography
and to track weak magnetic and electrostatic forces. Lateral resolution achieved with
this mode is 1 nm.
In the scanning force modulation technique the tip and the sample are in contact.
The modulation frequency is below the resonant frequency of the cantilever. The
nanomechanical properties of the sample can be probed due to the modulation of the
tip with the oscillation of the sample [24]. The amplitude of the vibrating cantilever is
small to prevent tip-sample disconnection. Variation of the elasticity and
viscoelasticity on the sample surface can be detected by measuring the amplitude and
phase shift of the cantilever [25]. In this mode surface profile and storage and loss
modulii can be obtained simultaneously.
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2.1.3 Height Profile and Surface Roughness Measurements in AFM

AFM technique can be used to measure the thickness of films from the topography
image. An artificial scratch is made on the film penetrating down to the surface.
Images are created by scanning with the AFM tip across the boundary between the
sample and substrate at this scratch. Elevated regions appear brighter on the
topography. The difference in height between these two regions (a on film and b on
substrate) (Fig. 2.2c) gives the thickness of the sample that can be measured with the
software. Roughness of the film can be measured with AFM to characterize
quantitatively the structure of any surface.
RMS roughness is defined as:
RMS= sqrt

[L (hi - haver.>2 / n]

(3)

hi is Z- position of pixel i
haver. is an average value over all pixels
n is the total number of pixels

Surface roughness is measured by AFM as a root mean square (RMS) value that
depends on the scale and can be used as a criterion of surface fractal properties.

11

a)
Elevated regions _..
appear brighter
um
a.a

Vertical �
scale

a .4
a. a

Iii
a

8µm

4

Horizontal scale

I !\I
Height Profile [A]

b)
1111

-0.8
-0.(

8.8

6

8µm

c)
Vertical scale

-..
Horizontal scale

Figure 2.2: a) 2D Image of the Film and Substrate b) Height Profile c) 3D Image
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2.2 Raman Spectroscopy
Raman and Krishnan discovered the Raman effect in 1928

[26]. Several

modifications have been done to Raman instrumentation following the discovery of
the phenomenon in 1928 [27], which include laser, Fourier transform Raman
spectroscopy, single photon detection, multichannel detectors. It can be used for the
analyses of gases, liquids, surface features, single crystals, etc [28]. This technique
can be used to identify and quantify samples based on the molecular vibrations
information obtained. Raman spectrometers are generally classified into three
categories: single channel photomultiplier tube(PMT) based systems, multichannel
spectrometers based on intensified photo diode array (IPDAs) and charged couples
devices (CCD) based multichannel systems [29].

2.2.1 Principle ofRaman Scattering
The mechanism of Raman spectroscopy is based on the phenomenon of light
scattering, in which electromagnetic radiation interacts with an oscillating,
polarizable electron cloud of an atom or molecular group [30]. Light is scattered due
to non-resonant interaction between photons and electrons of an atom [31]. Most of
the incident radiation transmitted, refracted or scattered remains unchanged in energy
when an incident photon interacts with a molecule. The portion of the energy lost to
the vibrational energy levels appears as Raman scattered radiation. When an exiting
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photon transfers a fraction of its energy to a vibrational level of the system Stokes
Raman scattering occurs and when it gains energy anti-Stokes Raman scattering
occurs. When the frequency of the scattered light is same as that of the incident
photon Rayleigh scattering occurs.
The electric field of the incident photon will induce an oscillating dipole µ at a
frequency co of the incident photon. The dipole moment induced on the molecule is
given by
µ=a.E

(4)

Where Eis the time-dependent intensity and a. is the polarizability.
From classical theory the average rate of total radiation is
I = (16 II4 / 3c3) v4 µo4

(5)

Where c is the speed of light, v is the frequency and µo is the amplitude ofµ.
In a Raman spectroscopy experiment the three major phenomena observed are
Rayleigh scattering, anti-Stokes and Stokes Raman scattering [32]. The intensity of
scattering depends on the initial population level determined by the Boltzmann
distribution. The Stokes Raman scattering is always more intense than the anti-Stokes
because the population of the ground state is always more than that of the excited
level. The ratio of Stokes to anti-Stokes intensity at thermal equilibrium verified
experimentally is
(Is/ las)=

[(Vo - Vmn) /(Vo+ Vmn)]

4

exp (- hVmn / KT)
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(6)

Where vo is the frequency of incident photon; m and n are the initial and final states
of the molecule; h is Planck's constant; K is Boltzmann's constant; and T absolute
temperature.

2.2.2 Instrumentation
The sample to be examined is irradiated with intense monochromatic light (laser)
after passing through a line filter to remove any unwanted laser lines and sidebands.
The wavelength of laser should be as small as possible since the Raman scattering
cross section varies as the fourth power of the frequency (Eqn. 5). The laser passes
through a beam splitter and a microscope lens that focuses the laser light onto a small
diffraction limited spot on the sample. The scattered light from the sample is
transmitted through a fiber optic interface between the sample and optical processing
system (spectrometer). Based on the frequency components, the optical processing
system characterizes the collected light.

2.2.3 Surface - Enhanced Raman Spectroscopy (SERS)
The discovery of SERS led to a major breakthrough in Raman detection capabilities.
The transitions due to vibrations in molecules adsorbed on rough metallic substrate
excited by a laser source enhances the Raman cross section by a factor of 106 . This is
due to the resonance-related effects and large optical fields. Total enhancement is due
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to the combined effect of electromagnetic and chemical effects between the molecule
and the surface [33].
2.2. 3.1 Electromagnetic Mechanism

According to the electromagnetic mechanism SERS is due to the resonance effect of
localized surface plasmons. In this model enhancement is due to (a) increase in
incident electromagnetic fields caused by the polarization of the metal particle; and
(b) polarization of the metal particle by a molecule radiating an amplified Raman
field that further amplifies the Raman radiation. The electric field inside the particle is
much greater than the applied electromagnetic field, which results in the excitation of
localized surface plasmons [33].
2.2.3.2 Charge Transfer Mechanism

Raman enhancement is possible only when the adsorbate is bound to an atomic-scale
roughness for an adsorbate on a silver surface [34]. Raman polarizability is enhanced
when the incident or Raman scattered photon frequency is in resonance with the
charge transfer excitation of the coupled system. Interaction between the electron
hole pair and the molecules adsorbed on the surface are increased by the microscopic
surface roughness. Electromagnetic and Charge Transfer mechanisms are responsible
for surface enhancements in Raman spectroscopy. The surface enhancement
technique is used to characterize the Raman shift for materials where the Raman
signal obtained is very weak.
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2.2.4 Advantages ofRaman Spectroscopy
(a) This is a non-destructive and non-intrusive method for characterization.
(b) It can be used to probe heterogeneous samples.
(c) It is a powerful tool for the identification of amorphous systems.
(d) It is a very quick process and can be used over a wide range of vibrational
frequencies [20]

2.3 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is associated with the physical-chemical
methods of thermal analysis (TA) [35]. DSC is widely used to investigate the thermal
behavior of polymers [36] and yields information relating to the enthalpy changes in
the polymer [37]. The results are displayed as a thermal analysis curve between heat
flux and the temperature of the sample [38].

2.3.1 Principle of the DSC Method
The principle of the technique lies in observing the changes in thermal behavior of the
sample during heating or cooling with reference to an inert sample. The sample and
the reference materials heated by a single heat source are maintained isothermal to
each other. The difference in heat absorbed by the sample and the reference is used as
the basis for DSC.
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2.3.2 Instrumentation
The general features of a DSC can be seen in figure 2.3. The holders for the sample
and the reference material (both identical) are heated by a single heat source (high
frequency RF oscillation, resistance element heated by infrared radiation). The
temperature sensors measure the changes in temperature. The crucible used in DSC
experiments must be clean from contaminants and a proper contact between the
crucible and the holders must be made.

Reference pan

Sample pan
Pol

Furnace

er

Measurement Thermocou les

Figure 2.3: Schematic Representation of DSC

Thermal analysis curve for a polymer that has both crystalline and amorphous
domains is shown in fig.2.4. The areas under the plot of rate of heat flow and
temperature are quantitatively related to the enthalpy changes [39]. The glass
transition temperature (Tg) and melting temperature (Tm) can be calculated from the
DSC plot.
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3.METHODS OF SAMPLE PREPARATION

The polymers and chemicals used were polystyrene (PS) (Polymer Source Inc,
Canada), polyurethane (PU)(Institute of Macromolecular Chemistry, Kiev), 1- methyl
-2- pyrolidinone (Sigma-Aldrich), polybutyl methacrylate (PBMA)(Sigma-Aldrich),
Polycaprolactone (PCL) (Polymer Source Inc, Canada), chloroform (Sigma -Aldrich)
and single wall carbon nanotubes (SWNT) (Carbolex Inc). The properties of the
polymers are shown in table 3.1.
The silicon substrates were treated with concentrated sulphuric acid and then rinsed
thoroughly with distilled water and dried in an oven overnight to increase the wetting
properties of the substrate. Thin films of the polymers were prepared on silicon
substrates by one of the three methods (a) Dip coating, (b) Spin coating and (c)
process of self-assembly of polymers.
The properties such as glass transition, density and the general chemical structure of
various polymers are shown in table 3.1. The structure representation shows only the
monomer of the polymer chain. The melting transition of crystalline polycaprolactone
is shown which was measured from the DSC curve along with the glass transition
temperature. The amorphous polymers do not show any melting transition. The
density of carbon nanotube shown is that for a particular variety of single wall carbon
nanotube with a purity of 25%.
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Table 3.1: Properties of Polymers
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3.1 Dip Coating
Dip coating technique is a relatively easy process of depositing thin films on
substrates. Thin films are obtained by immersing the substrate into the polymer
solution (Fig 3.1 ). Thickness of films depends on the withdrawal speed and viscosity
of the liquid. Depending on the upward speed and solutions used, the evaporation of
the solvent produces films of 3 to 200 nm. Time taken to prepare thin films by this
technique depends on the thickness requirement.
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Figure 3.1: Mechanism of Dip Coating

3.2 Spin Coating
Spin coating technique is a much faster process than dip coating. This technique uses
the principle of centrifugal forces to form thin films. There are 4 stages involved in
spin coating (Fig. 3.2).
Stage 1: Polymer solution is deposited on the substrate. In this stage gravitational
forces dominate wetting the substrate.
Stage 2: Rotational forces dominate in this stage expelling the solution from the
substrate.
Stage 3: Viscous forces dominate this stage producing a much thinner film.
Stage 4: The process of evaporation begins to stabilize the film thickness in this stage.
The thickness of the film depends on the rotation speed (inversely proportional to
square root of speed) and viscosity of the liquid.
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Stage 1

Stage 2

Stage 3 & 4

Figure 3.2: Mechanism of Spin Coating

3.3 Self- Assembly of Polymers
Self-assembly of polymer molecules takes place by the adsorption of polymer on the
surface of the solid from solution. The thickness of these films range from 50 to 300
nm and depends on the adsorption regime [40]. There are 4 stages in the adsorption
from dilute solutions [41].
Stage 1: Diffusion of the polymer on to the solid surface through a surface layer
Stage 2: Formation of adsorption layer of various structures due to initial adsorption
Stage3: Change in dimensions and building of macromolecules into molecular
aggregates depending on the nature of solvent and solution concentration.
Stage 4: Growth of adsorption layer and attainment of equilibrium conformation.
The morphological features of the thin film depend oh the solvent, concentration of
solution, amount of adsorbent and the ratio of components.
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3.4 Experimental Details
3.4.1 Carbon Nanotubes- Polymer Composites

These polymer nanocomposites were prepared by dispersing SWNTs in solutions of
different polymers. Two different molecular weights of PS (4250, 766700 g/mol)
were chosen to study the dispersion characteristics of SWNT, above and below the
critical molecular mass (Mc = 31 ,200 g/mol) for PS. PU based on poly (propylene
glycol) and toluene- diisocyanate with an elastic modulus (E ~ 3 MPa) was chosen as
the second polymer. NMP was chosen as solvent due to solubility of PU and better
dispersion characteristics of SWNTs. Dispersion of 1 % by weight SWNTs in polymer
solutions to form colloidal solutions was done by long term stirring and
ultrasonification. Thin films of the dispersed solutions were prepared by dip coating
technique with an upward velocity of 30 mm/min. These samples were then analyzed
for the dispersion characteristics of SWNTs by AFM and Raman spectroscopy.

3.4.2 Ultra Thin Films ofPolystyrene

Solutions of low molecular mass (4250 g/mol) PS were prepared with chloroform as
solvent. Dip coating and spin coating techniques were used prepared thin films of
thickness ranging from 3 nm to 100nm. To study the SERS effect, silicon substrates
were coated with silver by thermal evaporation. Films prepared on silver were
°

°

examined over a temperature range from 25 C to l00 C by SERS technique.
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3.4.3 Polymer Blends ofPS and PBMA
Thin films of these blends were prepared by self-assembly of polymers from carbon
tetrachloride under conditions of different concentrations and regime. Films of pure
samples of PS and PBMA were prepared for concentrations above and below the
critical concentrations of PS (C*

=

0.9g/100ml) and PBMA (C*

=

1.01g/100ml).

These were prepared under different protocols of adsorption (concentration of
solution, conditions of desorption). Polymer blends of PS, PBMA with 1: 1
concentration were prepared under similar conditions of individual polymers. These
samples were examined for topography, height profile and roughness variations using
the AFM technique.

3.4.4 Thin Films of Crystalline Polycaprolactone
Solutions of polycaprolactone (Mn=36000g/mol) in chloroform were prepared. Thin
films of these solutions were formed on specially prepared silicon substrates by spin
· and dip coating. Thin films were studied by AFM and Raman spectroscopy, after the
°

samples were annealed to temperatures up to l00 C.
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4.RESULTS AND DISCUSSION
4.1 Adsorption of Polymers in Thin Films
Thin films of pure and binary solutions of PS and PBMA in carbon tetrachloride were
examined. These films were examined for thickness and roughness measurements
with an AFM using an Autoprobe CP (ThermoMicroscopes Inc.) machine in tapping
and force modulation mode. Different scan sizes of lOxlO , 5x5 and lxl µm2 were
used to study the changes in morphology and roughness of these films. The accuracy
of these measurements is+/- 10%.
Adsorption characteristics of PS and PBMA in solution and from their blends in a
common solvent were studied for dilute (C<C*) and concentrated (C>C*) solutions.
Adsorption isotherms for PS and PBMA in pure and binary solutions are shown for
dilute and concentrated solutions [42]. The common feature in both pure and binary
solutions is the adsorption maximum at critical concentration (Cps* = 0.9g/100ml,
Cpbma* = l .0 5 g/l 00ml). An interrelation exists between the polymer adsorbed and the
critical concentration of the individual polymers and mixtures (Fig. 4.1, 4.2).
Adsorption decreases due to decrease in coil dimensions and aggregates (PS-PBMA
is a thermodynamically incompatible system)[43]. The conditions of aggregate
formation and adsorption change due to the presence of a second component.
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The thickness and roughness measurements for the films of scan sizes lOxlO, 5x5,
lxl µm2 done by using AFM are given in table 4.1 (after desorption) and table 4.2
(before desorption).
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Figure 4.1:Adsorption Isotherms for Pure Solutions of PS, PBMA
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Figure 4.2:Adsorption Isotherms for Binary Solutions of PS, PBMA
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Table 4.1:Roughness and Thickness Measurements for PS, PBMA Solutions
(Before Desorption)

Polymer films

RMS Roughness, nm
Pure Solutions

C>C*

C<C*

lOXlO
µ

m2

5X5
µ

m2

lXI
µ

Thickness

(run)

m2

RMS Roughness, nm

lOXI0

5X5

lXI

m2
µ

m2
µ

µ

Thickness

(run)

m2

PS

2.7

2.3

0.8

26

2.0

1.5

0.1

1000

PBMA

8.0

5.2

2.3

24

0.6

0.4

0.2

275

2.5

2.3

1.4

20

>1000

Binary Solutions

PS+PBMA+CCL4

>1000 >1000

>1000

The thickness of the films in pure solutions and blends increases with concentration.
For concentrated solutions the average thickness of the mixed layer approaches that
of polystyrene. This effect can be due to the slow replacement of PBMA molecules
by PS molecules from the surface.
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Table 4.2:Roughness and Thickness Measurements for PS, PBMA Solutions
(After Desorption)

Polymer films

RMS Roughness, nm

lOXI0

5X5

lXl

m2
µ

m2
µ

m2
µ

PS

24

21

2.6

PBMA

10

9.7

1.0

0.9

Pure Solutions

C>C*

C<C*
Thickness

(nm )

RMS Roughness, nm

Thickness

(nm)

lOXl0

5X5

lXl

m2
µ

m2
µ

m2
µ

25

1.9

1.4

0.4

59

7.1

22

5.1

2.2

1.6

35

0.8

177

>1000

>1000

>1000

>1000

Binary Solutions
PS+PBMA+CCL4

The mixtures possess the most developed surface for C>C*. The roughness of these
surfaces was too high to be measured with AFM. The limitation in the measurement
of roughness of depends on the dimensions of the cantilever used that was about 23nm. Figure 4.3 shows the morphology of PS with concentration. In Fig.4.4a the
individual chains of PBMA can be clearly seen when C<C*. PBMA has the roughest
surface (Fig.4.4c) when C<C*.
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Figure 4.3:Topography of PS a, b) Before Desorption and c, d) After
Desorption

The roughness for the polymers decreases when the concentration goes fromC<C* to
C>C*. Isolated molecules cover the adsorbent surface for dilute solutions (Fig.4.5a)
(C<C*) whereas for concentrated solution molecular clusters form the film (Fig.4.5c).
Force modulation images ( brighter areas correspond to regions of higher stiffness)
show a marked variation in stiffness (Fig.4.5 b, d). This can be attributed to the
formation of a heterogeneous layer in common solvent.

In dilute solutions !he

segment concentration is low for the polymer chains to overlap leading to large
spatial fluctuations. Due to this the roughness values for binary solutions are high
whenC<C*.
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Figure 4.4:Topography of PBMA a, b) Before Desorption and c, d) After
Desorption

According to literature [44] adsorption of PS-PBMA system takes place by
preferential or selective adsorption. PS has greater kinetics of adsorption towards the
adsorbent surface. For dilute solutions PS macromolecules come in contact with the
substrate due to the absence of entanglements. Later, polar PBMA molecules displace
some of PS molecules from the adsorbent surface due to its greater affinity towards
the adsorbent surface. Adsorption equilibrium is established by the displacement of
one polymer by the other. In concentrated solutions adsorption kinetics are dictated
by the formation of molecular aggregates and coil overlap. In this regime isolated
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molecules are adsorbed initially. These isolated macromolecules are then displaced
by their aggregates.
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Figure 4.5:PS/PBMA Blend a, c) Topography b, d) Force Modulation

4.2 Thin Films of Polystyrene
Ultra thin films of polystyrene were prepared on a silicon substrate with silver coating
to study SERS technique using a Solution 633(Detection Limit Inc) Raman
spectrometer. He-Ne laser of wavelength 633 nm was used as the excitation source.
The thickness of the film on silicon substrate prepared by spin coating was controlled
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by the concentration of polystyrene in chloroform (table 4.3) and measured with
AFM by artificially produced scratches.

1 0.5 0.25 0.125 0.10
Cone. of PS, (w/v)%
5
Thickness, nm
1000 90 60 20
3
6
Table 4.3:Variation of Film Thickness With Concentration of PS

The changes in Raman spectra of the spin-cast films as a function of film thickness
and glass transition temperature were studied. Raman spectra were collected when the
sample was heated to 100°C and cooled back to room temperature.
Figure 4.6 illustrates the Raman spectra of spin coated polystyrene films with
thickness ranging from 3nm to 1000nm. Raman vibrations for the phenyl ring, ring
CH, and chain C-C are discussed below. These vibrations compared to that of a bulk
spectrum show a shift in wavenumber that might be due to the interactions of adjacent
phenyl rings in thin films (fig.4.7). SERS enhancements are proportional to the
vibrations of the dipole component perpendicular to the surface [ 45]. The orientation
of the molecules can be related to the selective enhancement of the vibrational bands
[46].

4.2.1 Phenyl Ring Mode
The phenyl ring vibrations cover a wide range from approximately 400cm- 1 to
3000cm- 1. The vibration band at ~1500 cm- 1 is due to the phenyl ring stretching for
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the polystyrene films adsorbed on silver. This band can be enhanced if the phenyl
ring is perpendicular to the silver surface. The single peak for a thicker film gradually
changes to a double peak for the thinner films, which can be attributed to the
enhancement of ring stretching vibrations.
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Figure 4. 6:Raman Spectra for PS Films With Thickness Ranging From 3nm to
1000nm
4.2.2 Ring-CH Mode

The variation in vibration band at 1200 cm- 1 associated with the side chain Ca stretch
is relatively less. This might be due to slight orientation of the ring making a twisted
angle with the silver surface.
4.2.3 Chain C-C Mode

As the thickness of the film decreases the intensity of the side chain C-C stretch
atl 100 cm- 1 also decreases. For thinner films the mobility of C-C chains present close
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Figure 4.7:Comparison of Raman Spectra for PS Thin Film and Bulk
to the silver surface is restricted. As thickness increases disorder begins to set in the
polymer films. This might be due to the increase in spatial fluctuations of the chains
in thicker films.
°

Raman spectra for polystyrene thin films heated to 100 C and cooled back to room
temperature are shown in Fig. 4.8 a, b. As the temperature of the film is increased to
°

100 C, a marked decrease in the intensity of the peaks can be observed. As
°

temperature is increased the peak widths broaden [47]. The spectrum at 100 C looked
like the spectrum of a film of higher thickness (1000nm). This is in good agreement
with the results reported by the team of T. Kanaya et al [48]. This effect is due to the
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Figure 4.8:Raman Spectra for PS Films a) Heating to 100°C b) Cooling to Room
Temperature

structural relaxation at Tg where the mobility of the polymer chains increase. Raman
spectrum was almost retained after the film was cooled back to the room temperature.
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Figure 4.9 shows the Raman spectra for an ultra thin film (3nm) of polystyrene during
thermal treatment. The spectrum remains the same for the entire process of thermal
treatment. This is due to the very slow relaxation of the stressed polymer chain
conformations near the interface [49] brought about by the strain produced during
spin coating.
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Figure 4.9:Raman Spectra for 3nm PS Film With Change in Temperature

4.3 Crystallization in Thin Films of Polycaprolactone
Thin films of polycaprolactone prepared by spin coating and dip coating were studied
using AFM in tapping and force modulation mode, and Raman spectroscopy. The
changes in morphology of thin films (20nm, 50nm, 120nm) annealed at an elevated
temperature for 2 hours, then cooled to room temperature were analyzed with AFM.
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Thermal characteristics of polycaprolactone were studied using DSC (Mettler Inc.)
°

°

for temperature ranging from 20 C to 120 C (fig. 4.10). Temperature was increased
°

°

at the rate of2 C/min. The Melting transition was observed at a temperature of62 C.
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Figure 4.10:DSC Curve for Polycaprolactone

The root mean square roughness (RMS) measured by AFM (Table 4.4 and Fig.4.11
and 4.12) depends on film thickness, temperature ofcrystallization and regime offilm
preparation. A scan size of 1Ox10 µm2 was selected for these measurements.
Table.4.4 show these roughness measurements in nanometers for films cast by dip
coating and spin coating techniques for different temperatures ofcrystallization.
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Table 4.4:Variation of RMS Roughness of PCL With Thickness and
Temperature

Dipcoating

°

°

°

25 C

50 C

20nm

8.8

7.2

14.0

14.0

50nm

4.8

6.1

22.8

25.9

120nm

5.6

5.3

10.4

9.6

13.6

7.8

2.6

5.4

,

100 C

Spin coating
150nm

.
;

60nm

51.5

50.8

18.1

69.0

The roughness values for films prepared by spin coating are higher than those
prepared by dip coating. The process of dip coating is slow compared to that of spin
coating. The ·high roughness values in spin coating are due to the fast evaporation of
solvent. The changes in features of crystallization for films of different thickness can
be observed by AFM topographical images. Figure 4.13a-c show topography for
films of thickness 20, 50, 120nm respectively
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In figure 4.13a the crystallites are oriented in a particular direction due to
confinement effect [50]. A Fibrillar structure can be observed for the 50nm thick film.
Spherulite morphology can be seen for the 120nm thick film by spin coating
compared to that by dip coating. Spherulites of caprolactone are distorted and appear
to be clustered due to the effect of strain in spin coating [51]. For a thinner film by
40

spin coating, nucleation sites can be seen on the surface due to excess of material
accumulated in certain regions leading to incomplete ordered layer. For these films
the influence of substrate on the crystallization process is limited to layers very close
to the substrate.
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Figure 4.13: Surface Topography of Polycaprolactone Films at Room
Temperature by Dip Coating (a, b, c) and Spin Coating (d, e)
°

Annealing the films at 50 C (Fig. 4.14a-d) leads to a disordered structure of the 20nm
sample and formation of relatively large dendrites in the 50nm sample can be
observed. Spherulites can be observed for the 120nm film (fig.4.14c) similar to those
seen in 120nm film by spin coating (fig. 4.13d). Crystallites seem to have developed
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from unoriented chains to volume filling spherulites. These spherulites appear to be
less clustered. Thinner films do not show any sign of crystallization, which might be
due to the migration of non-crystallizable species to the surface [52].

A
800
600
400
200
0

i

·: i
A
800

4

0

4

8µm

b) 50nm

o.) 20nm

A

600
400
200
0

,mi
0.4

i

0.3

0.2
0.1

0.0

0

5

10

15

20µm

4

0

8µm

d) 60 nm

c) 120nm

Figure 4.14:Surface Topography of Polycaprolactone Films at 50° C by Dip
Coating (a, b, c) and Spin Coating (d)
°

°

At annealing temperatures of 75 C (Fig.4.15a-d) and 100 C (Fig.4.16a-d) (that are
°

above the melting temperature, 62 C of polycaprolactone, crystallization of the
thinner films by spin coating seems to be developing.
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The morphology of the 120nm film by dip coating has transformed into coarse
spherulite structures with distinctive branches in the spherulites. Formation of islands
in 20 and 50nm thick films can be seen in the figures.
Force modulation images for 150nm thick films of polycaprolactone annealed at 50°
°

C and 75 C do not show much variation in the stiffness_ of the films. This discrepancy
might be due to different annealing times compared to the previously annealed films.
The development of nucleation sites on the films due to the effect of substrate can be
observed.
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Raman spectra for polycaprolactone films by spin coating (Fig.4.18) were studied for
different annealing temperatures. Spectra measured were different for the amorphous
and crystalline phases at different temperatures. At annealing temperatures close to
the melting temperature of polycaprolactone the vibrational bands at 1200 and 1400
cm- 1 are intensified. This might be due to the onset of crystallization as observed in
AFM images.
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Figure 4.18:Raman Spectra for Polycaprolactone Films at Different Annealing
Temperatures

4.4 Carbon Nanotubes - Polymer Composites
Dispersion characteristics of CNTs in polystyrene and polyurethane solutions have
been studied with AFM force modulation technique. Raman spectroscopy was used to
characterize the nanotubes in polymer thin films.
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Topography images with AFM revealed wired-like structures on the PU/CNT
(Fig.4.19b) films, which were not present in PS/CNT films. The diameter of these
nanotubes (wired- like structures) was 5 to 6 orders of magnitude larger than the
SWNTs. The measured diameter is probably that of a bundle of carbon nanotubes
rather than a single carbon nanotube. CNTs appear bright on the force modulation
image of PU/CNT (Fig.4.19 a) film showing that the CNTs are stiffer and possess
better mechanical strength than the PU matrix. It can be clearly seen that the carbon
nanotubes are dispersed near the free surface of the film, and are not found in the PS
matrix.
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Figure 4.19:a) FM Image of CNTs on PU Matrix b) Topography of CNTs on PU
Matrix

Raman spectroscopy was used as an alternative technique to study the dispersion
characteristics of carbon nanotubes in PS films. Raman spectra for pure PS and pure
SWNT can be seen in Fig.4.20. The SWNT Raman spectrum corresponds well to the
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reported spectra for a semiconductor type carbon nanotubes. Characteristic bands for
polymer chains in the spectra for composites are weak compared to those of carbon
nanotubes. This is due to the resonance enhancement of the Raman signal similar to
SERS for SWNT [53]. In this case the energy of the incident or scattered photon is in
resonance with an interband transition from the valence band state to a conduction
band for light polarized along the nanotube axis. The amplification of the Raman
signal for CNT is so strong that tiny amounts of nanotubes or even a single nanotube
on the appropriate substrate can be detected. In the spectrum for polymer nanotube
composite the fingerprint band of CNT at ~1540 cm- 1, 1570 cm- 1 (the tangential G
band, for the in-plane Raman active mode in graphite) reveal the presence of SWNT
in both PU and PS based polymers.
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Figure 4.20:Raman Spectra for PS - CNT Composite
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The presence of SWNT in the PS matrix by Raman spectroscopy can be explained on
the basis of vertical phase separation within the composite film. The schematic for
CNTs in PS and PU matrices is shown in Fig.4.21. CNTs lie below the surface of PS
whereas for PU they lie on the surface of the matrix. The surface in contact with air
tends to have the lowest surface free energy. In the PU/CNT composite it can be
speculated that PU matrix has greater free surface energy in comparison to CNTs.
The same effect forces the nanotubes away from the surface in contact with air for PS
matrix not allowing to measure the composites topography using AFM.[54].
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Figure 4.21:Schematic Arrangement of CNT in a) PU Matrix and b) PS Matrix
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5.CONCLUSIONS

A) The morphology of molecular level thin polymer films formed through
molecular level adsorption from solutions on a solid inorganic substrate was
studied with AFM. Depending on the solution c;oncentration (above or below
the critical concentration of miscella formation) and adsorption protocol, a
complete coverage of substrate or single chain adsorption can be observed.
Uniformity of the films can be characterized by surface roughness (RMS
roughness) and film thickness measured from AFM.
Competition for adsorption places between different types of polymer chains
is observed for the case of adsorption of binary polymer solutions of
PS/PBMA. This leads to the formation of mosaic morphology with alternation
of domains of different polymers or the replacement of PS chains with PBMA
on the surface.
B) Molecular vibrations of PS chains were studied for a range of thickness from
3nm to several micrometers and in the range of temperatures from room
temperature to 100 ° C with Raman spectroscopy. Vibration bands are
broadened and shifted for thinner films giving evidence of suppressed
mobility of polymer chains due to polymer-substrate interactions. The effect
of surface enhanced Raman spectra with surface plasmons at polymer-silver
interface was employed to increase the intensity of Raman vibrational bands.
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C) Morphology of thin films of polycaprolactone was studied with AFM and
Raman spectroscopy. We demonstrate the dependence of the shape and size of
crystallites on temperature of annealing and thickness of dip and spin cast
films. The features of crystallization in such confined films with the thickness
comparable to the radius of gyration of polymer chains are understood in the
framework of reduced mobility of polymer chains. The dendrite structure of
crystallization was observed in comparison to spherulitic structure in bulk
crystallization.
D) Vertical phase separation in nanocomposite films of PS and PU with SWNT
was reviewed with Force Modulation mode AFM and Raman spectroscopy. In
PS/CNT films CNTs are located mainly near the composite-substrate interface
while for PU/CNT films the structure is reversed and CNTs are located near
the free surface in contact with air.
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6. FUTURE WORK
In the present research, adsorption of polymer films in binary solutions has been
studied for 1: 1 concentration ratio. The study of these polymers should be extended to
different concentration ratios. Computer simulations for the polymer chains in
polystyrene ultra thin films should be done to study the mobility of the chains. The
research done on polymer nanotube composites ahould now be extended to the study
of electrical characteristics of these composites. The variations in electrical properties
of these composites with thickness of the films are some areas where this research can
be carried on.

51

7. REFERENCES

[1] Goldbeck- Wood, G.; Bliznyuk, V. N.; Burlakov, V.; Assender, H. E.; Briggs, G.
A.D.; Tsukahara, Y.; Anderson, K. L.; Windle, A.H.; Macromolecules, 2002, 35,
p.5283.
[2] Lipatov, Y. S.; Progress in Polymer Science, 2002, 27,-p.1728.
[3] Semenovitch, G.; Lipatov, Y.; Todosijchuk, T.; Chomaya, V.; Journal of Colloid
and Interface Science; 1996,184, p.131.
[4] Lipatov, Y; Todosijchuk, T.; Chomaya, V.; Journal of Colloid and Interface
Science; 1999, 215, p.290.
[5] Polymer Interfaces and Emulsions; Marcel Dekker; New York, 1999,p. 429
[6] Reiter, G.; Sommer, J-u.; Journal of Chemical Physics; 2000, 112(9), p.4376.
[7] Frank, C. W.; Rao, V.; Despotopoulou, M. M.; Pease, R. F. W.;Hinsberg, W. D.;
Miller, R. D.; Rabolt, J. F.; Science; 1996, 273, p. 912.
[8] Bartczak, Z.; Argon, A. S.; Cohen, R. E.; Kowalewski, T.; Polymer; 1999, 40,
p.2367.
[9] Strawhecker, K. E.; Manias, E.; Macromolecules; 2001, 34, p.8475.
[10] Introduction to Physical Polymer Science; Sperling, L.H.; Wiley Interscience,
third edition, 2001, p.302.
[11] Keddie, J. L.; Jones, R. A. L.; Cory, R. A.; Europhysics Letters; 1994, 27, p. 5964.
[12] Forrest, J. A.; Dalnoki- Veress, K.; Dutcher, J. R.; Physical Review E; 1997,
56(5), p.5706.
[13] Bliznyuk, V. N.; Assender, H. E.; Briggs, G. A. D.; Macromolecules; 2002,3
5(17), p.6618.
[14] Helfand, E.; Tagami, Y.; Journal of Chemical Physics; 1972, 31, p.162.
[15] Binnig, G; Quate, C.F.; Gerber, Ch.; Physical Review Letters; .1986, 12, p.930.
52

[16] Magonov, S.N.; Reneker, D.H.; Annual Review of Material Science; 1997, 27,
p.176.
[17] Scanning Probe Microscopy of Polymers; Ratner, B. D.; Tsukruk, V.V.; Eds.;
ACS Symposium Series 694; American Chemical Society: Washington, DC, 1998,
p.7.
[18] Polymer Science: Series B ; 1996, 38, Nos 1-2.
[19] Scanning Probe Microscopy of Polymers; Ratner, B. D.; Tsukruk, V.V.; Eds.;
ACS Symposium Series 694; American Chemical Society: Washington, DC, 1998,
p.7.
[20] Surface Analysis With STM and AFM· Experimental and Theoretical Aspects of
Image Analysis; Magonov, S.N.; Whangbo, M. H.; VCH, 1996, p.33.
[21] Zhong, Q.; Jennis, D.; Kjoller, K.; Ellings, V.; Surface Science Letters; 1993,
290, p.688.
[22] Tamayo, J.; Garcia, R.; Langmuir; 1996, 12, p.4430.
[23] Wawkuschewski,
Ultramicroscopy ;
1995, 58, p.185.

A.; Cramer, K.; Cantow, H-J.

Magonov, S.N.;

[24] Maivald, P.; Butt, H-J.; Gould, S.A.C.; Prater, C. B.; Drake, B.; Gurley, J. A.;
Elings, V. B.; Hansma, P. K.; Nanotechnology; 1991, 2, p.13.
[25] Radmacher, M.; Tillman, R. W.; Gaub, H. E.; Biophysics Journal; 1993, 64,
p.735.
[26] Raman, C.V.; Krishnan, K.S.; Nature (London); 1928, 121, p.501.
[27] Long, D. L.; Raman Spectroscopy, McGraw-Hill, New York, 1997.
[28] fhysical Sciences Data 45,· Handbook of Fourier Transform Raman and
Infrared Spectra of Polymers; Kuptsov, A.H.; Zhizhin, G. N.; Elsevier; 1998; p.xii.
[29] Modern Techniques in Raman Spectroscopy, Edited by Laserna, J. J.; John Wiley
& Sons; 1996, p.41.

53

[30] Physical Sciences Data 45; Handbook of Fourier Transform Raman and
Infrared Spectra of Polymers; Kuptsov, A.H.; Zhizhin, G. N.; Elsevier; 1998; p.viii.
[31] Lucazeau, G.; Abello, L.; Analusis; 1995, 23, p.301.
[32] Physical Sciences Data 45; Handbook of Fourier Transform Raman and
Infrared Spectra of Polymers; Kuptsov, A.H.; Zhizhin, G. N.; Elsevier; 1998; p.x.
[33] Modern Techniques in Raman Spectroscopy, Edited by Laserna, J. J.; John Wiley
& Sons; 1996, p.229.
[34] Billman, J.; Kovakcs, G.; Otto, A.; Surface Science; 1990, 238, p.192.
[35] Differential Scanning Calorimetry of Polymers: Physics, Chemistry, Analysis,
Technology; Bershtein, V. A.; Egorov, V. M.; Ellis Horwood; 1994; p.l .
[36] Calorimetry and Thermal Analysis of Polymers; Mathot (Ed), V. B. F.; Hanser
publishers; 1994.
[37] Special issue ' Thermal Analysis and Calorimetry in Polymer Physics' Mathot
(Ed),V. B. F.; Thermochim. Acta; 1994; 238, p.155.
[38] Principles of Thermal Analysis and Calorimetry; Haines (Ed), P. J.; The royal
Society of Chemistry, 2002, p.59.
[39] Introduction to Physical Polymer Science; Sperling, L. H.; Wiley Interscience,
third edition, 2001, p.312.
[40] Kozlov, G. V.; Lipatov, Yu.S.; Composite Surfaces; 2002, 9, No. 6, P. 509-527
[41] Couris, A.; Gulari, E.; Macromolecules; 1994, 27, p.3580.
[42] Chomaya, V.; Lipatov, Y.; Todosijchuk, T.; Menzheres, G.; Journal of Colloid
and Interface Science ; 2002, 255, p.39.
[43] Lipatov, Y.S.; Progress in Polymer Science; 2002, 27, p.1735.
[44] Lipatov, Y.S.; Progress in Polymer Science; 2002, 27, p.1738.
[45] Wang, D.S.; Kerker, M.; Physical Review B., 1982, 24, p.1777.
[46] Zhang, D.; Qin, J.; Shen, J.; Wang, Y.; Liu, W.; Chinese Journal of Polymer
science; 2000, 18, p.177-180.
[47 ] Liem, H.; Cabanillas- Gonzalez, J.; Etchegoin, P.; Bradley, D. D. C.; Journal of
Physics: Condensed Matter; 2004, 16, p.721-728.

54

[48] Kanaya, T.; Miyazaki, T.; Watanabe, H.; Nishida, K.; Yamano, H.; Tasaki, S.;
Bucknall, D. B.; Polymer; 2003, 44, p.3796-3773.
[49] Bliznyuk, V. N.; Assender, H. E.; Briggs, G. A. D.; Macromolecules; 2002, 35,
No 17, p.6614.
[50] Cohen, R. E.; Bellare, A.; Drzewinski, MA; Macromolecules; 1994, 24, p.2321.
[51] Zhao, Y.; Keroack, D.; Prud'homme, R.; Macromolecules; 1999, 32, p.12181225.
[52] Bliznyuk, V. N.; Kirov, K. R.; Assender, H. E.; Briggs, G. A. D.;
Macromolecules, (submitted).
[53] Souza Filho, A. G.; Jorio, A.; Samsonidze, G. G.; Dresselhaus, G.; Saito, R.;
Dresselhaus, M. S.; Nanotechnology; 2003,14, p.1130-1139.
[54] Introduction to Physical Polymer Science; Sperling, L. H.; Wiley Interscience,
Third edition, 2001, p.540.

•

55

